Group 2 (n = 17) failed to achieve these goals simultaneously at any time point. Setting: General intensive care units in a teaching and a district general hospital. Patients: Thirty-two patients at risk of developing multiple organ failure were studied prospectively. Intermtione: Patients received volume expansion and then, if necessary, dobutamine (5 to 200 pgkglmin) to not fall and 16 patients died. In contrast, in group 1, attainment of all goals was associated with a significant reduction (p<0.05) in blood lactate levels, and all but one of these patients survived. The persistently raised lactate levels in group 2 were associated with significantly higher venous oxygen saturation (SvO,) and lower oxygen extraction ratio (OER); in these patients, SvO, rose and OER fell in response to increases in Do,. Conclusion: These results suggest that failure to increase VO, was related predominantly to an inability of the tissues to extract or utilize oxygen rather than a failure to increase Do,. These findings support the hypothesis that in order to survive a critical illness, patients must achieve a high level of VO,. An inability to do so is reflected in persistently elevated blood lactate levels and an extremely poor prognosis. (Chest 1993; 103:886-95) . --increase CI and Do, until all three goals were achieved simultaneously. ISS =injury severity score; LVSWI = left ventricular stroke Results: In group 2, target VO, could never be reached work index; OER =oxygen extraction ratio; PAOP = pulmonary despite the fact that 11 (65 percent) patients achieved target artery occlusion pressure; SvO,=mixed venous oxygen saturation; %, = oxygen consumption CI and Do, simultaneously. In this group, lactate levels did
Study objective: To evaluate the response to therapy aimed at achieving supranormal cardiac and oxygen transport variables (cardiac index [CI] >4. 5 Umin/mP, oxygen delivery [Do,] >600 mVmin/mP, and oxygen consumption [vo,] >170 ml/min/ma) in a heterogenous group of critically ill patients and to assess its relationship to outcome. Design: Patients were divided retrospectively into two groups. Group 1 (n = 15) achieved supranormal values for CI, Do, and VO, simultaneously during the first 24 h.
Group 2 (n = 17) failed to achieve these goals simultaneously at any time point. Setting: General intensive care units in a teaching and a district general hospital. Patients: Thirty-two patients at risk of developing multiple organ failure were studied prospectively. Intermtione: Patients received volume expansion and then, if necessary, dobutamine (5 to 200 pgkglmin) to not fall and 16 patients died. In contrast, in group 1, attainment of all goals was associated with a significant reduction (p<0.05) in blood lactate levels, and all but one of these patients survived. The persistently raised lactate levels in group 2 were associated with significantly higher venous oxygen saturation (SvO,) and lower oxygen extraction ratio (OER); in these patients, SvO, rose and OER fell in response to increases in Do,. Conclusion: These results suggest that failure to increase VO, was related predominantly to an inability of the tissues to extract or utilize oxygen rather than a failure to increase Do,. These findings support the hypothesis that in order to survive a critical illness, patients must achieve a high level of VO ,. An inability to do so is reflected in persistently elevated blood lactate levels and an extremely poor prognosis.
(Chest 1993; 103:886-95)
. --increase CI and Do, until all three goals were achieved simultaneously. ISS =injury severity score; LVSWI = left ventricular stroke Results: In group 2, target VO, could never be reached work index; OER =oxygen extraction ratio; PAOP = pulmonary despite the fact that 11 (65 percent) patients achieved target artery occlusion pressure; SvO,=mixed venous oxygen saturation; %, = oxygen consumption CI and Do, simultaneously. In this group, lactate levels did u ntil recently, it has been tacitly assumed that normal hemodynamic values represent satisfactory goals for therapy. Retrospective studies have demonstrated, however, that 76 percent of patients who die following critical illness achieve normal values of commonly monitored variables.' By assessing the cardiorespiratory values from a large series of critically ill surgical patients, Shoemaker et a12 identified a distinct pattern characterized by supranormal oxygen achieving this supranormal pattern of cardiac index (CI), DO, and Vo2 (defined by the median values of survivors: CI >4.5 LJmin/m2, DO, >550 mVmin/m2, Vo, >I67 ml/min/m" was associated with improved ~u r v i v a l .~ It also has been suggested that attainment of supranormal oxygen transport may benefit patients with septic shock.""
A number of studies have demonstrated that in metabolically stable critically ill patients, Vo, will often rise if Do, is actively increased."I3 This observation, termed supply dependency, has been regarded as indirect evidence of an oxygen debt.I"n a number of studies, elevated lactate levels have been associated with supply dependency,ls1lx an observation that is consistent with the view that lactic acidosis is a marker of covert tissue hypoxia or oxygen debt. Elevated blood lactate levels have been shown to be of prognostic significance in patients with shock of various etiologieslgS and as would be anticipated survival is associated uith a progressive reduction in lactate level^.^^,^ It has been postulated that if DO, can be increased, Vo, will rise and that this will reverse oxygen debt, prevent failure of vital organs, and increase ~u r v i v a l :~ in fact, it has been suggested that in some patients it may be necessary to increase Do, to more than 1,000 mVmin/m2 in order to optimize Vo2. 28 Although dobutamine has been shown to be an effective agent for increasing both DO, and V O , ,~.~~ there is some concern that doses of up to 200 pg/kg/ min may be required in order to achieve supranormal levels and that the use of such high doses could precipitate tachyarrhythmias and myocardial ischemia.
We have investigated the ease and frequency with which predetermined therapeutic goals could be achieved in a heterogenous group of critically ill patients and recorded any complications that occurred. We also investigated the changes in cardiac ~erformance, hemodynamics, and oxygen transport in response to this therapy and related these to sequential changes in blood lactate, mixed venous oxygen saturation (SvO,), and oxygen extraction as well as to outcome.
PATIENTS AND METHODS
The study was approved by the hospital ethics committee.
Patients considered to be at risk of developing multiple organ failure according to predefined criteria were studied. Exclusions were patients less than 16 years of age, pregnant women, neurosurgical patients, patients with primary cardiac disease, and refusal by patients or their relatives for inclusion in the study. Patients were classified as having sepsis syndrome or septic shock according to criteria defined by Bone et al. 31 Patients were classified as having the adult respiratory distress syndrome (ARDS) if they met the following criteria:
1. Compatible underlying clinical disorder. 2. Inspired oxygen fraction of greater than 0.4 to maintain a PaO, of greater than 8 kPa. 3. X-ray film evidence of diffuse bilateral pulmonary infiltrates. 4. Pulmonary artery occlusion pressure of < l 8 mm Hg.
Measurements
All measurements were made at least 1 h after any major disturbance, eg, tracheal suction, physiotherapy, or turning. The ECG, intra-arterial pressure, central venous pressure, pulmonary artery pressures. and core-peripheral temperature were continuously monitored in all patients (Hewlett Packard 78324A). Expired minute ventilation, tidal volume. inspired oxygen concentration and peak inspiratory pressure also were monitored.
Heart rate (HR), mean arterial pressure, central venous pressure, pulmonary artery occlusion pressure (PAOP), cardiac output, and arterial lactate level were determined at intervals in all patients. All pressure measurements were standardized to mercury and were obtained with the patient in the supine position. The zero reference point was adjusted to 5 cm posterior to the sternum in the vertical plane. All pressure measurements were determined from paper tracings at end expiration on a strip chart recorder (Hewlett Packard 78171A). Positive end-expiratory pressure was not discontinued during pressure measurements.
Cardiac output was measured by thermodilution with a COM 2 American Edwards laboratory cardiac computer. A series of three consecutive determinations ofcardiac output were made by injecting 10 ml of 5 percent dextrose at a temperature of <1O0C at endexpiration (Closed lnjectate Delivery System, American Edwards Laboratories). The mean was recorded as the cardiac output for that patient's study point. The coefficient of variation calculated for each determination was less than 10 percent.
The PaO, and mixed venous oxygen pressure, arterial hemoglobin concentration, arterial blood saturation, and SvO, were determined at intervals in all cases. Samples of arterial and mixed venous blood were withdrawn within 1 min of the cardiac output measurements and over a period of 1 min. Blood gas tensions were measured by an automated b l t d gas analyzer (Instrumentation Laboratories 1312). Hemoglobin and oxygen saturation were determined using a blood oximeter (Instrumentation Laboratories Cmximeter 282). This machine was calibrated prior to each reading, and readings were rejected if the hemoglobin measurements from arterial and mixed venous samples differed by >0.5 g/dl.
Arterial blood lactate levels were measured in hemolyzed whole blood by an enzymatic technique (Andox GM7 microstat) at the same time points as the cardiac output measurements. Normal blood lactate level in our laboratory is <1.5 mmoVL. Cardiac index, left ventricular stroke work index (LVSWI), systemic vascular resistance index, arterial oxygen content, mixed venous oxygen content, arterial-venous oxygen content difference, Do,, Vo,, and oxygen extraction ratio (OER) were calculated using standard formulas ( Table 1 ). All measurements were obtained and recorded by one of the authors (M.H., E.Y., A.T.) at the time of admission of the patient to the study, after optimal volume administration, hourly for the first 2 h, at 4 h, and then every 4 h for the next 48 h. Urine output was recorded hourly.
The acute physiology and chronic health evaluation 11 (APACHE 11) score was recorded from the worst value of each variable in the first 24-h period. Organ failure scores (Knaus and WagneP) were recorded daily until discharge or death. Injury severity scores were recorded for the trauma patients. Any complications that were thought to be attributable to the treatment were recorded.
Management
At the time of admission, all patients received controlled oxygen therapy. The airway was secured, and intermittent positive pressure ventilation was instituted if required. Continuous intravenous infusions of analgesic agents and sedatives were administered until the patient was judged to be comfortable by the nursing staff. AU patients underwent urinary peripheral arterial, central venous, and pulmonary arterial catheterization at the time of admission. if these were not already in place. Doparnine was administered at 2 pg/kg/ min in all patients. Oxygen saturation was maintained at >90 percent by increasing fraction of inspired oxygen or adding positive end-expiratory pressure, or both, as appropriate. Further fluids were administered if necessary (blood, human albumin solution, or synthetic colloids as indicated while maintaining the hemoglobin concentration at > I 0 ddl) to achieve an optimal left atrial filling pressure. This was established by plotting LVSWI against PAOF! The optimal filling pressure was taken as the PAOP at the plateau value for left ventricular stroke work.
If the therapeutic g t d s of CI >4.5 Umin/mz, DoZ >600 mVmin/ m2 and ~o , >170 mVmin/m2 were not achieved following optimal fluid filling, dobutamine was administered (5 to 200 pgkdmin) to increase CI and Do, until all three goals were achieved simultaneously unless there was ( a ) sinus tachycardia >130 heats per minute, (b) other tachyarrhythmias. or (c) ECG evidence of myocardial ischemia. Noradrenaline was administered (0.05 to 10 ~e/kg/min) if required, to maintain the mean arterial pressure at 80 mm Hg, while avoiding a systemic vascular resistance index of >1,500 dynes-s/cm"m2. The aim of therapy was to achieve the above goals as s m n as possible after admission to the study. Such treatment was initiated in the ICU and continued until death or apparent resolution of the acute illness.
Statistical Analysis to achieve these goals simultanenusly at any time point during the study pericd. Analysis of data was made at nine time points as follows: t0-on admission to the study; tl-after optimal volume administration; t2-8 h after tl; t3-16 h after tl; t4-24 h after tl; t5-32 h after t l ; 6-40 h after tl; t7-48 h after t l ; and tmaxvalues at maximal resuscitation (maximal resuscitation was defined as the time point when all three therapeutic goals were first achieved simultaneously or the time at maximal Do, if the Vo2 goal had not been achieved).
Data were not normally distributed and are therefore presented as the median and range or median 225th. 75th percentiles. B e t w e e n -p u p comparisons were performed using the MannWhitney U test. The Wilcoxon signed-rank test was used when comparing values within each group. Discrete data were analyzed with the x2 test or Fisher's exact test, and p<0.05 was considered statistically significant. Actual p values for the various statistical cwmparisons are catalogued in Table 9 .
Patients were divided retrospectively into two groups for analysis:
RESULTS
Gnmp 1 (15 patients) achieved supranormal values for CI, Do, and VO, simultaneously during the first 24 h. Group 2 (17 patients) failed Thirty-two patients (nine women) were studied. patients had sepsis syndrome. Information relating to ICU admission is documented in (Table  4) . Baseline LVSWI and mean arterial pressure were significantly higher in group 1 patients (pc0.05) but there were no significant differences in HR, PAOP, or CI (Table 6 ). Following optimal volume administration (Table 6 ), CI and LVSWI increased significantly in group 1 (p<O.Ol), but there was no significant change in these variables in group 2. There was no significant difference in PAOP between the groups. Following maximal resuscitation in group 1, there was no significant change in 90, at any measurement were significant increases from baseline values (tO) in interval (Fig 2) . PAOP (p<0.01), HR (p<0.05), CI, LVSWI, DO, There were no initial differences between groups in (p<0.001), and VO, (p<0.01). In group 2, despite CI, DO, and Vo,, but CI was significantly higher in significant increases in PAOP (p<0.05), HR (p<0.01), group 1 at t l and t4 (p<0.01), Do, also was significantly CI, LVSWI and Do, @<0.001), there was no signifi- LVSWI and VO, (pC0.001) were significantly higher p values relating to Figure 1 in group 1 than in group 2 ( Table 7) . and Do, at all time points except t7 (Fig 1) . The VO, values relating to Fiqlre was significantly increased at t l , t4, and t6 (pC0.05). In group 2 (Fig 2) , there were significant increases higher at t l (p<0.01) and t4 (p<0.05). The VO, was significantly higher in group 1 than in group 2 at t l , t3, t5, t6, t7 (p<0.01) and at t2 and t4 (p<0.001).
Although there were no significant differences in the baseline lactate levels between groups, levels were significantly higher in group 2 at t5 (p<0.05), t6 (p<O.Ol), and t7 (p<0.05). Whereas the lactate levels in group 1 fell significantly following therapy (p<0.05), in group 2 there was no change (Fig 3) . Lactate levels were normal at the time of admission (<1.5 mmoVL) for three patients in group 1 and for two patients in group 2. Of the latter two patients, the lactate level insidiously rose in one patient, whereas in the other levels it remained low. The patient whose lactate level remained low died two weeks after discharge from the ICU.
Although there was no difference in SvO, between groups initially or after optimal volume administration, SvO, was significantly higher at t2 and t3 (p<O.Ol) and t5 and t7 (pc0.05) in group 2 (Fig 4) .
Similarly, there was no difference in OER between groups initially or after optimal volume administration, but OER was significantly lower at t2, t3 and t7 in group 2 patients (Fig 5) . Figure 6 demonstrates the changes in systemic vascular resistance index with time. There were no significant differences in values between groups at any time. Figure 7 demonstrates the relationship between the arteriovenous oxygen difference and CI for both groups ofpatients. In group 2, CI increased in response to therapy, but the arteriovenous oxygen difference fell and VO, remained constant. Group 1 also increased CI in response to therapy but in contrast there was little change in arteriovenous oxygen difference so that these patients traversed the isoconsumption curves in order to attain a higher Vo,. group 1 occurred 4 weeks after discharge from the ICU. Of the 16 patients in group 2 who died, six died within the first 48-h period. These were all patients with septic shock: two suffered terminal cardiac events, and four died of intractable hypotension secondary to profound vasodilatation which became unresponsive to noradrenaline. Nine died of multiple organ failure after surviving more than 1 week in the ICU. Finally one died on the ward of late complications. Croup 2 developed a significantly higher number of organ failures than group 1 during their ICU admission ( Table 4 ). The dose of dobutarnine (median, 100 kg/kg/min [range: 5 to 200 pg/kg/min]) administered to-patients in group 2 was significantly higher than that required by patients in group 1 (median, 10 kg/kg/min [range: 0 to 25 kgkg/min]), (p<0.001). Dobutamine adminis- In response to optimal volume administration alone, CI and LVSWI increased significantly for group 1, whereas there were no significant changes in these values for group 2. Furthermore, although there were significant increases in CI and LVSWI at maximal resuscitation in both groups, CI and LVSWI were significantly higher for group 1, despite similar values for PAOP in the two groups. These observations suggest that patients in group 1 had greater cardiac reserves and are compatible with results of previous studies demonstrating that in postoperative patients, cardiac reserves are greater in survivors than nonsurviv~rs.~,." We chose to use dobutamine for inotropic support since this agent has been shown to increase VO,, as well as CI and Do, in both postoperative and sepsis patient^.^.^.^^ It has been suggested that these beneficial effects of dobutamine on both Do, and 30, may be attributed to the combination of an increased cardiac output induced by P,-adrenergic stimulation and the peripheral @,-adrenergic effects which open up previously vasoconstricted metarteriolar and capillary n e t~o r k s .~ In our study, although the 8 patients in group 1 who received dobutamine responded with an increase in both Do, and Vo,, all 17 group 2 patients failed to increase VO, despite very high doses of dobutamine. In the latter group, any increases in DO, and CI were uniformly accompanied by a rising SvO, and falling OER, consequently VO, and OER were significantly lower and SvO, significantly higher in group 2 patients as early as 8 h after optimal volume administration. These findings are in keeping with results of studies in which dobutamine administration failed to increase Vo, in patients with septic shock in association with narrowing of the arterial-venous oxygen content and with a recent study demonstrating that in a proportion of surgical patients with sepsis and raised blood lactate levels, VO, did not rise when Do, was increased by blood transfusion. The authors attributed this observation to a defect in peripheral oxygen utilization unresponsive to improvements in Do,.37 In our study, severe impairment of oxygen utilization, as reflected by a low OER, was associated with a very poor prognosis. In fact, low oxygen extraction previously has been correlated with death in pediatric septic shock.3n It has been postulated that the impaired tissue oxygen extraction in septic shock may be a result of vasodilation-induced maldistribution of f l o e 4 and such an abnormality perhaps combined with defective cellular oxygen utilization may account for the failure of our group 2 patients to ---respond to improvements in Do, with an increase in Vo,. Although there were no differences in SVRI between the two groups, group 2 required much higher doses of noradrenaline to maintain target mean arterial pressure, indicating a more severe peripheral circulatory disturbance in these patients. Moreover, the possibility that the high doses of noradrenaline and dobutamine administered to this group exacerbated the microcirculatory disorder cannot be excluded. Although blood lactate levels can be influenced by a number of factors, including hepatic function, lactic acidosis usually is indicative of anaerobic metabolism due to cellular hypoxia. Circulating lactate levels have been shown to correlate with outcome in critically ill patients,1426 although serial measurements are a more useful indication of prognosis than isolated determin a t i o n~.~~,~ Moreover, an inverse relationship between serum lactate levels and Vo, has been described in patients with sepsis,41 and low Vo, has been associated with a poor outcome. 42 Initial lactate values did not discriminate between the two groups in our study but the persistently low Vo, and elevated lactate levels in group 2 were associated with a very poor prognosis. The phenomenon of supply dependency has been regarded as indirect evidence of an oxygen debt,14 and it would therefore be anticipated that, as has previously been demonstrated, patients with lactic acidemia would respond to an increase in Do, with an increase in V o , . l~~~ Although we did not specifically investigate the presence of supply dependency, improvements in Do, in group 2 were not associated with the anticipated increase in VO,. It is likely that these patients did have an oxygen debt since 15 of the 17 group 2 patients had lactate levels greater than 1.4 L, the upper limit of normal in our laboratory. Group 1 patients, whose initial lactate levels were similar but subsequently fell, invariably responded to fluids or to fluids and dobutamine with significant increases in Vo,. It is, however, important to note that VO, and Do, may vary spontaneously in apparently stable critically ill patients, 43 and that in septic shock, the VO, response to an oxygen flux test may vary from time to time in the same patient." Moreover, it remains unclear as to whether supply dependency is or is not related to o~t c o m e .~~.~~ Our findings imply that the inability of group 2 patients to achieve target Vo,, values and their high mortality were related to the combination of poorer cardiac reserves and a microcirculatory or intracellular abnormality refractory to improved DO,. Interestingly, this pattern was consistent in all group 2 patients irrespective of their underlying diagnosis and whether or not they fulfilled the criteria for sepsis or septic shock. Doses ofdobutamine up to 200 pg/kg/min were used in the group 2 patients, while group 1 patients achieved the therapeutic goals simultaneously with 25 pg/kg/min or less. Moreover, the dose of dobutamine was limited by complications for 13 out of 17 group 2 patients including the single hospital survivor, despite optimal volume administration. In view of these observations, there must be some concern about indiscriminate attempts to enhance VO, by increasing Do, with very high dose inotropic support, particularly in view of the potential for disturbing the relationship between oxygen supply and demand both in the peripheral tissues and the myocardium.
In conclusion, critically ill patients who have adequate cardiac reserves and simultaneously achieve recommended target values for CI, Do,, and VO, either with fluid alone or in response to fluid and moderate inotropic support have an extremely good prognosis. In a significant proportion of the more seriously ill patients, however, it may prove impossible to achieve target Vo, even with massive inotropic support. Such cases are associated with persistently elevated blood lactate levels, an increased incidence of complications related to therapy, and a very poor outcome. Finally, the results of this study suggest that the inability to increase Vo, and reverse lactic acidosis was predominantly related to an impairment ofoxygen extraction or utilization which could not be overcome by increasing oxygen supply.
